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The standard model of elementary particle physics and the theory of general relativity can be extended by 
the introduction of a vacuum variable which is responsible for the near vanishing of the present cosmological 
constant (vacuum energy density). The explicit realization of this vacuum variable can be via a three- form 
gauge field, an aether-type velocity field, or any other field appropriate for the description of the equilibrium 
state corresponding to the Lorentz-invariant quantum vacuum. The extended theory has, without fine-tuning, 
a Minkowski-type solution of the field equations with spacetime-independent fields and provides, therefore, a 
possible solution of the main cosmological constant problem. 



PACS: 04.20.Cv, 98.80.Es, 95.36.+X 

1. INTRODUCTION 

The main cosmological constant problem is to un- 
derstand why, naturally, the quantum-mechanical zero- 
point energy of the vacuum does not produce a large 
cosmological constant or, in other words, to discover 
the way the zero-point energy is canceled without fine- 
tuning the theory. Restricting to established physics, 
this problem was formulated by Weinberg in the follow- 
ing pragmatic way [TJ[2]: now to find an extension of the 
standard model of elementary particle physics and the 
theory of general relativity, for which there exists, with- 
out fine-tuning, a Minkowski-spacetime solution with 
spacetime-independent fields. 

An adjustment-type solution of the cosmological 
constant problem appears, however, to be impossible 
with a fundamental scalar field and Weinberg writes in 
the last sentence of Sec. 2 in Ref. [2] that, to the best 
of his knowledge, "no one has found a way out of this 
impasse." In this Letter, we present a way around the 
impasse, which employs a quantity q that acts as a self- 
adjusting scalar field but is non- fundamental [3J|H[5]. 

The main goal of the present publication is to de- 
scribe, in a more or less consistent way, a particular 
theoretical framework for addressing the cosmological 
constant problem. Obviously, this builds on previous 
work of the present authors and many others (see ci- 
tations below). But there are also two important new 
results, which will be indicated explicitly. 



2. MINKOWSKI EQUILIBRIUM VACUUM 

Our discussion starts from the theory outlined in 
Ref. [3]. We introduce a special quantity, the vacuum 
"charge" q, to describe the statics of the quantum vac- 
uum. A concrete example of this vacuum variable is 
given by the four-form field strength [51 [7) [5| [51 |TU1 
im fT2l fL3l ll"4] expressed in terms of q as F a p 1 s — 
qy/— det g e a p y s (see below for further details). This 
particular vacuum variable q is associated with an en- 
ergy scale E\jy that is assumed to be much larger than 
the electroweak energy scale E cw ~ 10 3 GeV and possi- 
bly to be of the order of the gravitational energy scale 
^Planck = I/V&^Gn ~ 2.44 x 10 18 GeV. Here, and in 
the following, natural units are used with h = c = 1. 

Specifically the effective action of our theory is given 

by 

S cS [A, g,T/>] = - f d 4 x y^det^ R\g] 

( la ) 



F a /3"/S = q£a/3yS V ~ det g = V[o,Ag 7 ,5] 
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(lb) 
(1c) 
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where R denotes the Ricci curvature scalar, e a p-ys the 
Levi-Civita tensor density, V Q the covariant deriva- 
tive, and the square bracket around spacetime indices 
complete anti-symmetrization. Throughout, we use the 
same conventions as in Ref. pQ, in particular, those for 
the Riemann curvature tensor and the metric signature 
(- + ++). 

The vacuum energy density e in ((Taj) depends on the 
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vacuum variable q — q[A, g] and the same is assumed to 
hold for the gravitational coupling parameter K. The 
single field ip combines all the fields of the standard 
model (spinor, gauge, Higgs, and ghost fields [TS]) and, 
for simplicity, the scalar Lagrange density in (fTa| 
is taken to be without direct q dependence. The orig- 
inal standard model fields collected in ip(x) are quan- 
tum fields with vanishing vacuum expectation values 
in Minkowski spacetime (this holds, in particular, for 
the physical Higgs field H (x) [15]). The effective action 
takes ip(x) to be a classical field, but has additional 
terms to reflect the quantum effects |16j . The metric 
field g a p(x) and the three- form gauge field A^g(x) [or 
other g-related fields discussed later on] are, for the mo- 
ment, considered to be genuine classical fields. 

The setup, now, is such that a possible constant term 
Asm in £|m (which includes the zero-point energies from 
the standard model fields) has been absorbed in e(q), so 
that, in the end, jCgfjfV', ff] contains only ^-dependent 
terms, with the metric g a p (or vierbein e°) entering 
through the usual covariant derivatives. In short, the 
following holds true: 



(2) 



where ipo denotes the constant values for the standard 
model fields over Minkowski spacetime and r\ stands for 
the Minkowski metric r\ a p — diag(— 1, 1, 1, 1) in stan- 
dard coordinates. 

The actual spectrum of the vacuum energy density 
(meaning the different contributions to e from differ- 
ent energy scales) is not important for the cancellation 
mechanism to be discussed in this Letter. Still, we as- 
sume, for definitcness, that the vacuum energy density 
e(q) splits into a constant part and a variable part: 

e(q) = Abarc + e var (<7) = A SM + A uv + e w (9) , (3) 

with de val /dq ^ 0, a constant term Asm of typical size 
|Asm| ~ (£cw) 4 removed from according to J2|), 
and a possible extra contribution Auv of size |Atjv| ~ 
(£xjv) 4 from the unknown physics beyond the standard 
model. For definiteness, we also assume that e vaT (q) con- 
tains only even powers of q and recall that q 2 is defined 
by (llcl) in terms of the three-form gauge field A enter- 
ing the field strength (llbp . Allowing for a general even 
function e(q) instead of the single Maxwell- type term 
| q 2 considered in the previous literature [6] 13 |9j [10] 
will turn out to be an important ingredient for the can- 
cellation of Abate values of arbitrary sign. 

The generalized Maxwell and Einstein equations 



from action have been derived in Rcf. [4 . The 
generalized Maxwell equation reads 
paMS fde{q) 



(^/-detg 



dq 



dq J 



(4) 



and reproduces the known equation [5] [7] for the special 
case e(q) — i q 2 and dK/dq = 0. The first integral of 
with integration constant /i and the final version of 
the generalized Einstein equation then give the follow- 
ing generic equations [3]: 



de(q) , u dK(q) 



dq 



R- 



dq 



2K (R aP - g ap R/2) = -2 (V Q V^ 



Q/3 



a/3 



SM i 



(5a) 



(5b) 



where T^J is the energy-momentum tensor correspond- 
ing to the effective Lagrangian appearing in dial) and 
([2]). From general coordinate invariance, the energy- 
momentum tensor is known to have a vanishing covari- 
ant divergence, V Q T< 



a/3 
SM 



0. 



For the special case K (q) = Kq = const, (|5bl) re- 
duces to the standard Einstein equation of general rel- 
ativity. For the general case dK/dq ^ 0, the action 
([Ta|) and the resulting field equation (|5bf correspond 
to those of Brans-Dicke theory [17], but without ki- 
netic term for the scalar degree of freedom (wbd = 0). 
See also the related work on inflation theory 18 , dark- 
energy models [HI [20] [21] [22], and the connection to 
q-theory [H [Ml 125]. 

The crucial difference between our theory and con- 
ventional f(R) modified- gravity theories [T51 UM \M |2"T1 
I22j lies in the appearance, for us, of the integration con- 
stant [i after integration over the three-form gauge field 
A, i.e., after solving the generalized Maxwell equation 
(U). As a result, the vacuum energy density entering 
the generalized Einstein equation (|5b[) is not the origi- 
nal vacuum energy density e(q) from the action dial) but 
the combination 



Pv(q) = e(<?) - fJ-Q- 



(6) 



This gravitating vacuum energy density becomes a gen- 
uine cosmological constant A = A(q) = pv{q) for a 
spacetime-independent vacuum variable q. 

The field equations JShb) can now be seen to have 
a Minkowski-type solution with spacetime-independent 
fields. For standard global spacetime coordinates, the 
fields of this constant solution are given by 



g a p{x) = r] a/3 , 

FapySyX) = qo £a/3y5 > 

ip(x) = 1p , 



(7a) 
(7b) 
(7c) 
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with spacetime-independent parameters u,q and go de- 
termined by the following two conditions: 



de(g) 

dq 

e(q) - ftq 



-I fi=Ho , 9=90 



A»=Mo , 9=9o 



0, 



0. 



(8a) 



(8b) 



Conditions (I8a|) and (|8bl) follow from (|5a|) and (I5b[) . re- 
spectively, for i? = i?"^ = Tg-^ = and spacetime- 
independent go- 

The two conditions (|5a|) - (|8b[) can be combined into 
a single equilibrium condition for q$: 



Ao = 



e(q) - q 



dq 



0. 



(9) 



9=90 



with the derived quantity [26] 

de(q) 
dq 



Mo 



(10) 



The spacetime independence of qo implies that of /do 
in (fTU)) and, with (I5a|) , guarantees that the general- 
ized Maxwell equation (jU) is automatically solved by 
the Minkowski-type solution ((?]); see below for a gen- 
eral discussion of this important point. In order for 
the Minkowski vacuum to be stable, there is the further 
condition: 



(xo) = 



dq 2 



> 0. 



(11) 



9=90 



where x corresponds to the isothermal vacuum com- 
pressibility 3 . In the equilibrium vacuum relevant to 
our Universe, the gravitational constant if (go) of the 
action (jlal) can be identified with Kq = 1/(167tGat) in 
terms of Newton's constant Gn- 

Equation (J9]) corresponds to the first of the two 
constant-field equilibrium conditions given by Wein- 
berg pQ as Eqs. (6.2) and (6.3): d£/dg a fs — and 
dC/d(j) — 0, having restricted the discussion here to 
the case of a single fundamental scalar field <fi. These 
two conditions turn out to be inconsistent, unless the 
potential term in C(<fi) is fine-tuned pQ. See also Sec. 2 
of Ref. 2 for further discussion on the impossibility of 
finding a natural Minkowski-type solution from the ad- 
justment of a fundamental scalar field. 

The crucial difference between a fundamental scalar 
field <j) and our vacuum variable q (a non-fundamental 
scalar field) is that the equilibrium condition for q is 
relaxed: we find, instead of the condition dC/dq = 0, 
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Fig. 1 Minkowski equilibrium vacua for a particular 
choice of the vacuum energy density function as given 
by (|12p . The curves of the top panel show the left- 
hand side of (|13afl for those values of x = q 2 that obey 



the stability condition (|13b|) . The curves of the bottom 
panel show the corresponding positive segments of the 
inverse of the dimensionless vacuum compressibility \ 
defined by the left-hand side of (|13bl) . the general di- 
mensional quantity being defined by Minkowski- 
type vacua are obtained at the intersection points of 
the curves of the top panel with a horizontal line at the 
value A = Abare/(i5uv) 4 [for example, the dashed line 
at A = 10 gives the value (qo) 2 ~ 17.8453 corresponding 
to the heavy dot in the top panel] . Each such vacuum is 
characterized, in part, by the corresponding value of the 
inverse vacuum compressibility from the bottom panel 
[for example, 1/xo ~ 546.974 shown by the heavy dot 
for the case chosen in the top panel]. Minkowski vacua 
with positive compressibility are stable and become at- 
tractors in a dynamical context (cf. Sec. 3 and Fig. 2). 



the conditions V a (dC/dq) = 0, which allow for having 
dC/dq = \i with an arbitrary constant /x. As a result, 
the equilibrium conditions for g a fj and q can be consis- 
tent without fine-tuning. The approach based on such 
a g-variable bypasses the apparent no-go theorem (as 
foretold by Ftn. 8 of Ref. [T]) and formally solves the 
cosmological constant problem (as formulated in Sec. 2 
of Ref [2] ): the original action is not fine-tuned and 
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need not vanish at the stationary point, but there still 
exists a Minkowski-type solution of the field equations. 
This realization that the g— field allows for a relaxation 
of the equilibrium condition is the first of the two most 
important new results of the present Letter. 

The Minkowski-type solution of theory (TTJ) is given 
by the fields ([7J with a constant qo parameter that solves 
([5J and satisfies (|11[) . At this moment, it may be in- 
structive to work out a concrete example. A particu- 
lar choice for the vacuum energy density function ([3]) is 
given by: 

e(q) = A baro + (1/2) (£ uv ) 4 sin [q 2 /(E vv ) 4 ] , (12) 

which contains higher-order terms in addition to the 
standard quadratic term ^ q 2 . Needless to say, many 
other functions e(q) can be chosen, the only requirement 
being that the equilibrium and stability conditions can 
be satisfied [3J . With (TT21 , the expressions for the equi- 
librium condition © and the stability condition (fTTI) 
become 

q 2 cos (q 2 ) - (1/2) sin (q 2 ) = A , (13a) 

X - 1 = q 2 cos (q 2 ) - 2 q 4 sin (q 2 ) > , (13b) 

where i?uv has been used to define dimensionless quan- 
tities q = q/(E\jy) 2 and A = Ab ar e/(^uv) 4 - A straight- 
forward graphical analysis (Fig. [T]) shows that, for any 
A G K, there are infinitely many values qo € K which 
obey both fl!3a[) and rt!3b|) . The top panel of Fig. [T] also 
shows that the q values on the one segment singled- 
out by the heavy dot already allow for a complete can- 
cellation of any Abarc value between —15 (_Euv) 4 an d 
+18 (% v ) 4 . 

3. MINKOWSKI ATTRACTOR 

The cancellation mechanism discussed in the pre- 
vious section provides the following general lesson. 
The Minkowski-type solution (J7J appears without fine- 
tuning of the parameters of the action, precisely because 
the vacuum is characterized by a constant derivative 
of the vacuum field rather than by a constant value of 
the vacuum field itself. As a result, the parameter /j,q 
emerges in (|8ap as an integration constant, i.e., as a pa- 
rameter of the solution rather than a parameter of the 
Lagrangian. The idea that the constant derivative of 
a field may be important for the cosmological constant 
problem has been suggested earlier by Dolgov [27l [28] 
and Polyakov [25J [3D], where the latter explored the 
analogy with the Larkin-Pikin effect [31] in solid-state 
physics. 



However, instead of the fine-tuning problem of the 
cosmological constant, we now have the fine-tuning 
problem of the integration constant, namely, the chem- 
ical potential fi = fj,o that fixes the value q — qo of the 
Minkowski equilibrium vacuum (or vice versa, qo fix- 
ing /io). Any other choice of the integration constant 
(jit 7^ no) leads to a de-Sitter- type solution [3]. Still, it 
is possible to show that these de-Sitter-type solutions 
become dynamically unstable in a generalization of q— 
theory and that the Minkowski equilibrium vacuum be- 
comes an attractor. 

For that purpose, we start from the realization of q— 
theory in terms of a vector field Ap(x) as discussed by 
Dolgov [35] or, equivalently, in terms of an aether- type 
velocity field up(x) as discussed by Jacobson [32 . The 
constant vacuum field q then appears [3J as the deriva- 
tive of a vector field in the specific solution up = up cor- 
responding to the equilibrium vacuum, q g a p = V a up = 
u a p. In this realization, the effective chemical potential 
(i = de{q)/dq plays a role only for the equilibrium states 
(i.e., for their thermodynamical properties), but /j, does 
not appear as an integration constant for the dynamics. 
Hence, the fine-tuning problem of the integration con- 
stant is overcome, simply because there is no integration 
constant. 

The instability of the de-Sitter solution has been 
demonstrated by Dolgov for the simplest quadratic 
choices of the Lagrange density of up(x) and for an en- 
ergy scale E vv = Epianck entering A ba rc of ©. (At this 
moment, we do not consider the possibility of having a 
variable gravitational coupling parameter, so that we set 
K[u a p\ = Ko = const.) For a spatially flat Robertson- 
Walker metric with cosmic time t and scale factor 
a(t), the initial de-Sitter-type universe evolves towards 
Minkowski spacetime by the following t — > oo asymp- 
totic solution for the aether-type field up — (uo, itf>) and 
the Hubble parameter H = [da/dt]/a: 

uo (t)->gb*, «&(*)= 0, F(t)->l/t, (14) 

where Uo(t) increases linearly with t for constant qo (the 
norm of the vector field up is taken [3J to be uncon- 
strained, different from Ref. [32]). Figure [5] shows ex- 
plicitly the attractor behavior, with the numerical value 
of qo in p4p appearing dynamically. 

The following three remarks may help to better un- 
derstand the role of (fl4l . First, observe that, for finite 
values of t, the aether- type field approaching (TT41 does 
not correspond to the g-theory Ansatz, u a p = V a up 
qga/3 for t < oo. Second, the fact that H(t) in (TT4")) 
and Figure [5] drops to zero means that the Robertson- 
Walker metric approaches the one of Minkowski space- 
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time, whereas, for a positive asymptotic value of H{t), 
the metric would have approached the one of de-Sitter 
spacetime. Third, the simple model with solution 
(fT4"]) does not appear to give a realistic description of 
the present Universe [33] and requires an appropriate 
modification (possibly implementing chameleon-type ef- 
fects 34 ), but, for the present discussion, the simple 
model suffices. 

It is straightforward to show that the asymptotic 
solution (fT4"]) also holds for the generalized Lagrangian 
with a generic function e(u a p) replacing the quadratic 
term, as discussed in Sec. V D of Ref. [3 . At large cos- 
mic times t, the curvature terms decay as \R\ ~ H 2 ~ 
1/t 2 and the Einstein equations lead to the nullifica- 
tion of the energy-momentum tensor of the up field: 
Ia/3M = 0. Since the exact expressions on the right- 
hand-sides of ([1"4"]) with du /dt — H uq satisfy the q- 
theory Ansatz u a p = qg a p, the energy-momentum ten- 
sor is completely expressed by the single constant q: 
Tap(q) = [e(q) — qde(q)/dq] g a p. As a result, the equa- 
tion T a p(q) = leads to the equilibrium condition ([§]) 
for the Minkowski vacuum and to the equilibrium value 
q = qo in (j 141) . This demonstrates that the compensa- 
tion of a large initial vacuum energy density can occur 
dynamically and that Minkowski spacetime can emerge 
spontaneously, without setting a chemical potential. In 
other words, an "existence proof" has been given for the 
conjecture that the appropriate Minkowski value qo can 
result from an attractor-type solution of the field equa- 
tions. The only condition for the Minkowski vacuum 
to be an attractor is a positive vacuum compressibility 
(jTTJ) . This existence proof is the second of the two most 
important new results of the present Letter. 

In the previous discussion, we illustrated the com- 
pensation of the "bare" vacuum energy density by use 
of the simplest realizations of the constant vacuum field 
q, where q follows from derivatives of either the funda- 
mental gauge field Ap 1 s{x) or the fundamental vector 
field up(x). The constant vacuum field q from the four- 
form field strength tensor (jlbl) has been discussed ear- 
lier in, e.g., Refs. [HUE]- But these references consider 
a quadratic function e(F), which can only compensate a 
Abare value of a particular sign. Our approach is generic 
and does not depend on the particular realization of 
the "quinta essentia" — the field q which describes the 
deep (ultraviolet) quantum vacuum [35 . The only re- 
quirement for q is that it must be a Lorentz-invariant 
conserved (i.e., spacetime-independent) quantity in flat 
Minkowski spacetime. In addition, an almost arbitrary 
function e(q) allows for the cancellation of Abare values 
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Fig. 2 Aether-field evolution and Minkowski attrac- 
tor in a spatially flat Priedmann-Robertson-Walker 
universe with A = A barc /(_B P i anck ) 4 = 2. Top 
panel: dimensionless aether-type field component v = 
ito /-Epianck [multiplied by a factor r _1 ] plotted against 
the logarithm of the dimensionless cosmic time y = 
log 10 r = log 10 (t -Bpi anc k). Bottom panel: dimension- 
less Hubble parameter h = H/Ep\ anc k [multiplied by a 
factor r] plotted against y. The field equations are given 
by Eqs. (5) and (8) in Ref. [28] for p vac = A ba re and f]o = 
-1: v + 3hi~3h 2 v = and 6 /i 2 = 2 A- (v) 2 -3 (h v) 2 , 
with the overdot standing for differentiation with re- 
spect to r. The four numerical solutions shown have 
boundary conditions v(l) = 1 ±0.25 and «(1) = ±0.25, 
with the dashed curves referring to negative «(1) [note 
that the top panel plots v(t)/t, not u(r)]. All four 
numerical solutions approach the Minkowski-spacetime 
solution (|14[1 with, for the chosen model parameter 
AbarcA-Epianck) 4 = 2, a value go/(-Epianck) 2 = 1 ap- 
pearing dynamically [see top panel]. In fact, the same 
t — > oo asymptote is found for all boundary condi- 
tions \v(l) - 1[ < 0.25 and |w(l)| < 0.25, which shows 
that Q14[l is a positive attractor. For the theory consid- 
ered [defined by Eq. (2) of Ref. [28] for 770 = -1], the 
Minkowski vacuum is an attractor because the vacuum 
compressibility (j 1 1 p is positive, x(lo) > 0. 



of both signs; see, in particular, the example (|12p dis- 
cussed above. 
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Finally, it may be of interest to compare our possi- 
ble solution of the cosmological constant problem with 
that of the unimodular theory of gravity (see, e.g., 
Refs. [2 [37J EE] an d further references therein). From 
the unimodular theory of gravity, the cosmological con- 
stant of standard general relativity is obtained as an 
integration constant and the Minkowski solution also 
follows without hnc-tuning of the parameters of the ac- 
tion. As a purely classical theory, unimodular gravity 
is equivalent to general relativity, but its extension to 
the quantum world can be expected to be different from 
that of general relativity, which is at the core of our ap- 
proach [the q dependence of the gravitational coupling 
K in action (jlal) is not essential to obtain © and the 
particular aether-type solution discussed in the present 
section already has constant K]. Furthermore, the uni- 
modular gravity theory would not allow for a spacetime- 
dependent "cosmological constant" and, a forteriori, 
would not give an attractor-type solution approaching 
Minkowski spacetime. 

4. SUMMARY AND OUTLOOK 

In this Letter, we have shown that it is possible 
to find an extension of the current theory of elemen- 
tary particle physics (the standard model), which al- 
lows for a Minkowski-spacetime solution with constant 
fields, without fine-tuning the extended theory in any 
way or shape. For this suggested solution, the cosmo- 
logical constant Abare from ([3]), which includes the zero- 
point energy Asm ~ ± (E e w) 4 of the standard model 
fields, is completely compensated by the q-field that 
describes the degrees of freedom of the deep quantum 
vacuum with energy scale E\jy 3> E evr . 

This solves the main cosmological constant prob- 
lem [35] and even addresses the next question (also 
raised in Ref. II): why is our present Universe close 
to the Minkowski vacuum or, in other words, why does 
Nature prefer flat spacetime? The answer to this ques- 
tion appears to be: because the Minkowski equilibrium 
state is an attractor and the Universe is moving towards 
it. We are close to this attractor, simply because our 
Universe is old. 

There remain, however, other problems. Observa- 
tional cosmology (see, e.g., Refs. [101 EH HI] and fur- 
ther references therein) suggests a tiny remnant vac- 
uum energy density py of the order of 1CU 11 eV 4 . This, 
then, leads to the additional cosmic coincidence prob- 
lem: why is the nonzero vacuum energy density of the 
same order as the present matter energy density? One 
possible solution [5] of the cosmic coincidence problem 



may be related to quantum-dissipative effects during the 
cosmological evolution of the microscopic field q(x). In 
any case, q-theory transforms the standard cosmological 
constant problem into the search for the proper decay 
mechanism of the vacuum energy density. 
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